A model for copper electrodeposition of Through-Silicon vias (TSV) is proposed based on the competitive adsorption of additives, with special emphasis on the potential drop caused by additives adsorption. The model is applicable for 2-component (accelerator and suppressor) copper plating chemistries with different concentration of accelerator. Numerical simulation is performed for the partially filling of 20 µm (diameter) × 90 µm (height) vias. Simulated copper profiles and the corresponding dependencies on potential drop are confronted with existing experimental results which were linked to potential range of small peak in Linear Sweep Voltammetry (LSV) curves.
Introduction
Recently, 3D stacked integrate circuits (IC) has greatly increased as a key technology to promote electronic products with smart functions. Through-Silicon via (TSV) filling in the form of copper electrodeposition has become an important process technology for interconnecting the 3D stacked layer. [1] [2] [3] [4] Under correct condition, the copper electrodeposition provides via filling in the form of superconformal and bottom-up. [5] [6] [7] Under the condition, including performance of electrolyte and status of electrode, is widely investigated to make copper electrodeposited properly. The additives with particular characteristic in electrolyte play an important role in copper electrodeposition. Having acquired kinetic parameters from electrochemical experiment, many numericalmodels have been built to interpret copper electrodeposition in terms of additives distribution in via.
The curvature-enhanced-accelerator-coverage model (CEAC) is widely accepted because it can adequately interpret the shape of evolution during feature filling, according to emphasis effect of accelerator, which is built and improved by Moffat et al. 6, 8, 9 The S-type curve of linear sweep voltammetry is not considered in their model but it is key information for filling capability of electrolyte. The arbitrary Lagrange-Eulerian (ALE) method, based on boundary tracking and weak formulation of the mass-balance equation, is given to generate numerical solution from the finite element model which is built to analyze the process of copper electrodeposition by R. Tenno and A. Pohjoranta. 10 A time-dependent adsorption and transportkinetics model has been built to explain the bottom-up filling in via, based on describing distribution of additives with kinetic parameters from experimental measurement. 11, 12 By tracking the copper and electrolyte interface, a simple model is found to explain the copper electrodeposition, which approaches boundary condition corresponding to the result of Tafel curves with different concentration, reported by Yunhui Zhu et al. 13 And the additives distribution inside the via is dominant factor to evaluate the feature filling in these models. Most of kinetic parameters in model are obtained by analyzing the cyclic voltammetry and chronoamperometry. In these models, there are many complicated kinetic equations and boundary conditions which lead to limited applicability of the models. Therefore, a simple model verified and adjusted directly by linear sweep voltammetry is necessary and efficient for TSV filling prediction.
In this paper, the linear sweep voltammetry (LSV) is used to investigate the interface of electrode reaction with additives adsorption, which is analyzed by linear Butler-Volmer equation. Combined curves of 1-component (accelerator or suppressor) and 2-component (accelerator and suppressor) electrolyte solution in results of LSV, the coverage of accelerator is quantitatively calculated by Eq. (11) and (12) under assumptions that sidewall of TSV is completely covered by additives. It is utilized as boundary condition in simple numerical model. The potential as the variable of kinetics for copper filling in model is the junction between LSV results and model. Distinction of it between the planar electrode and TSV electrode is adjusted by corrective parameter which is evaluated by comparing experiment and numerical simulation. Also, the simple numerical model is verified by experiment of TSV copper filling.
Experiment
Electroanalytical measurements were performed using mechanically polished Au plate as working electrode and cleaned Pt filament as counter electrode. The Au plate was wet polished in deionized water with 2000 grade SiO 2 paper. The Au plate was immersed into 3 mol/L Nitric acid for 15 min and polished after each experiment. LSV experiments were performed in Copper Sulfate Electrolyte (CSE) which consists of 110 g/L CuSO 4 , 10 g/L H 2 SO 4 and 50 ppm Cl ¹ (basic electrolyte solution) with the addition of a variety of x ppm bis-(3-sodiumsulfopropyl disulfide) (SPS) + y ppm polyethylene glycol (PEG). (x = 0-6 and y = 0, 300). Attention was focused on the synergistic effect of two additives and potential-dependent adsorption of accelerator. The polymers were all purchased from Aldrich and molecular weight of PEG is 8000. All potentials were measured relative to a saturated calomel reference electrode (SCE). The scanning rate is 1 mV/s and range is from 0.2 V to ¹0.35 V. The polarization method was performed in special equipment 14 by Electrochemistry workstation (CHI660D, Shanghai Chenhua Instrument Co. Ltd.).
The experiments were conducted on wafer fragments obtained from 150 mm wafer covered with TSV arrays which are supported by Sinyang semiconduct CO. LTD. The vias have the pipe geometry with 20 µm in diameter and 90 µm in height. The vias were lined with a dielectric insulation layer SiO 2 followed by barrier layer Ti/TiN and seed layer Cu. The copper filling experiments were performed by copper electroplating in electrolyte with x ppm SPS and 300 ppm PEG. These additives were used as accelerator and suppressor respectively. After pretreatment with vacuuming and pre-wetting by deionized water, TSV copper filling was activated at 0.1 mA/cm 2 for 5 min. Then, electrodeposition experiment was preformed galvanostatically at 4 mA/cm 2 for 30 min and 60 min at rotation speeds of 400 rmp in CSE. TSV cross-sections were obtained by mechanically polishing in cross-section geometry down to 0.25 µm diamond lapping film and observed by FE-SEM (Field emission scanning electron microscopy, sirion 200, FEI).
Numerical Modeling
According to the previous research, sidewall of TSV is entirely covered by composites of additives during electrodeposition. 6, 15, 16 The reactions between the copper ion, accelerator (SPS), suppressor (PEG) and chloride investigated by P. M. Vereecken, Nguyen T. M. Hai and so on, [17] [18] [19] [20] [21] [22] are listed in Table 1 . The copper intermediate species are present near the surface of cathode, which is defined to reactive interface as shown in Fig. 1 . 17 Among these reactions, the complex of cuprous and additives is the main reagent for copper electrodeposition on the reactive interface. Accelerator and suppressor are implanted in numerical model for consideration of efficiency and accuracy. Considered that the complex of additives exists on the reactive interface, it is assumed that the main flux is given by additives flux in the form of Nernstplanck equation, is shown as
Where D is the diffusion coefficient of the additive or ion; z is the charge number; L is the mobility constant; ) is the electric potential inside the electrolyte; F is Faraday's constant. Specially, the cuprous ion flux mainly generates on the reactive interface, in the form of complex in reaction (8) (9) (10) (11) (12) in Table 1 . However, there is nearly saturated concentration of cupric ion which inhibits the migration of cupric ion dramatically in the electrolyte. According to the former research, 23, 24 the convection of fluid flow influences the thickness of diffusion layer on the cathode surface, which is demonstrated as D in Fig. 1 . Hence, mass transport is dominated by diffusion in boundary layer. The first and third terms of right-hand side in Eq. (1) and (2) are ignored.
The geometry of the filling via is simplified to facilitate modeling. First, the filling feature is assumed to be tall and thin enough that lateral variations of concentration across the width of the feature can be reasonably ignored. Second, due to filling of TSV took two hours or more, it is assumed that the approximation of a steady state hydrodynamic boundary layer facilitates the evaluation of steadystate solutions for feature filling. In the model, consistency of fluxes across the boundary layer is also imposed. This is accomplished by approximating the concentration to be laterally uniform across the distance between TSVs. The concentration of additives and cupric ion, being steady state (r 2 C i = 0), are thus linear along the boundary layer thickness ¤, going from the bulk electrolyte solution to that at the top surface of the TSV, which is equated to the concentrations at the orifice of the TSV. This approximation qualitatively captures the supply of cupric ion to the TSV of interest permitted by the cylindrical diffusion field for spherical field for a via, albeit with a discontinuity in the gradient immediately over the TSV. 26 Note that the growth velocity follows from the deposition current density i c by i c = nFµ Cu v c /M Cu for number of electron transfer n, Faraday's constant F, rate of copper deposition v c , and molar mass M Cu . The applied potential is referenced to the reversible Nernst potential for the deposition reaction. For convenience the reference is set to Saturated Calomel Electrode. Based on the cupric ion diffusion described above, the applied potential E applied is divided into three parts, just like as reaction potential ©(z) that drives the deposition reaction, the resistive iR losses associated with charge transport within the electrolyte and G a representing the potential drop caused by different energy barrier between SPS and PEG. Casing the current in terms of the copper ion flux across the boundary layer and down the TSV enables the overpotential available for driving the interface reaction is described by 5, 26 ©ðzÞ
where µ is the product of electrolyte resistivity; F is Faraday's constant; D Cu is diffusion coefficient of copper ion; Consequently, all subsequent discussions of the potential in equation refer to © evaluated at z¯0. Adsorbate coverage is the steady state value appropriate for the local potential corresponding to the potential distribution.
Electrochemistry, 84 (7), 516-522 (2016) Hence, ©(z), which is affected by coverage of additives, is decisive factor for reactive current. The coverage of additives is calculated by "bottom-up" fill model. 11 The concentration of SPS on the reactive interface directly influences replacement between SPS and PEG. Considering that diffusive coefficient of SPS are two orders of magnitude greater than that of PEG. In model, the concentration distribution of PEG is the primary factor to affect the coverage of additives. At steady-state the differential equations defining the concentration of copper complex with PEG within the TSV is simply given by
In Eq. (5), the time derivative on the left side represented the accumulation of the PEG within the volume element; the last term on the right side represented the PEG replacement (by SPS) rate. The coverages of SPS and PEG on the reactive interface are expressed by
where ! s and ! A is the saturated surface concentration of PEG and SPS, respectively. Because the diffusive layer is thin, and chemisorb characterize of PEG is much stronger than that of SPS, coverage of PEG is assumed to 1 on the orifice of TSVs as soon as TSVs were immersed in electrolyte solution with a bulk PEG concentration. This boundary condition is interpreted as
and from Eqs. (6) and (7) the following boundary conditions is explained by
SPS is the preferential additive on the bottom of via because the PEG transport to the via bottom is much slower and it only occupies the vacant site of cathode, the gradient of both surface concentration and coverage of PEG is invariable as SPS coverage gradient on the via bottom
Additionally, the potential drop on the sites of interface is decided by current density of adsorption of additives considering the same conductivity of electrolyte. Combined that the exchange current density of SPS is two orders of magnitude greater than that of PEG and conductivity of electrolyte solution is invariable, the potential drop caused by adsorption of additive has the same magnitude on the active interface between two additives. Considering that the conductivity of electrolyte is invariable with composites of electrolyte, the potential drop is affected by adsorption of additive in the following form
where D is the thickness of diffusive layer in via and P is the product of electrolyte resistivity. The difference of electrolyte conductivity, which is caused by different concentration of cupric ion near the reactive interface, is neglected because the magnitude of reactive current density (about 4 mA/cm 2 ) is less than half of limited current density as the concentration of cupric ion is 1 mol/L.
The total current density is the sum of the suppressor-adsorbed copper deposition fractional current density and the acceleratoradsorbed copper deposition fractional current density. The total current density is given by
Equation (11) demonstrates that the local current density on the via sidewall depends on additives-associated deposition kinetics parameters (i 0,A , i 0,S , A A , and A S ) the reaction driving force (activation overpotential G(z)) which is decided by potential drop of additives adsorption (G a ).
Based on the Faraday's law, the local current density i c can be translated into the local deposition rate
where M Cu is the molecular weight of copper, P is the density of copper, and n is the number of electrons transferred. The model is generated by finite element method (FEM) and multifrontal massively parallel sparse direct solver (MUMPS) with commercial software (Comsol Multiphysics). The parameters of numerical model are listed in Table 2 .
Results and Discussion
Considering the central role of SPS, LSV is performed in the electrolyte which consists of PEG (300 ppm) and different SPS concentrations by electrochemical workstation. Figure 2(a) shows the LSV in electrolyte with supersaturated PEG (300 ppm) and different SPS concentration from 0 ppm to 6 ppm. The copper deposition rate at a given potential on the negative-going sweep 
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Electrochemistry, 84 (7), 516-522 (2016) increases with increasing SPS concentration. The small peak, which is explained by area expansion on the gold electrode surface by Wei-Ping Dow et al. 27, 28 and D. Josell, 29 only exists on the LSV curves when there are 2-component additives in basic electrolyte solution. Due to form copper nanoparticles on the Au electrode surface, 27 the big distinction of peak and valley shift is generated between 2 ppm SPS and 3 ppm SPS in electrolyte. Figure 2(b) shows that method is applied to analyze characteristic of peak and valley in LSV curves. The results which are listed in Table 3 show that potential of peak and valley shifts towards more negative value with increasing SPS concentration and the difference of potential between them remains stable. The largest current of peak appears in the situation of 4 ppm SPS+300 ppm PEG. Also the largest current difference between peak and valley is generated under this situation. Combined with results of experiments, 4 ppm SPS is saturated concentration to yield synergistic effect with saturated PEG. According to our former research, the current of peak and valley in LSV curves corresponds to that on upper and lower section of via in model respectively. 4, 26 Figure 3(a) show linear sweep curves of electrolyte with different components of additives. With increasing concentration of SPS, the small peak shifts towards more negative potential and the size of small peak increases. According to former research, 28, 29 the small peak is caused by area expansion, which is explained by formation of copper nanoparticle on the electrode surface. However, based on the fact that small peak only exits on the LSV curves for 2-component electrolyte solution, the reason for formation of small peak is not only area expansion. Furthermore, although the area expansion, which is caused by formation of copper nanoparticles, is the main reason for this phenomenon, the drive source for formation of copper nanoparticle is adsorption of additives on different regions of electrode surface because SPS accelerate the deposition reaction relative with PEG inhibit the reaction. 6 And this phenomenon has been proposed to explain the nanoparticle formation on the planar by Ghosh Chaudhuri. 30 Combining the mechanism of copper growth and characteristic of additives, this phenomenon can be applied to analyze the adsorption of SPS and PEG in the form of current Electrochemistry, 84 (7), 516-522 (2016) variety in LSV curves at the same potential in low potential region. 14, 26 The coverage results are shown in Fig. 3(b) on convenient equation, which is given by
where i c represents the current density for electrolyte solution with 2-component additives; i A (G(z)) and i S (G(z)) are current density for electrolyte solution with 1-component additive, accelerator or suppressor, at the same potential of cathode; H A and H S are coverage of SPS and PEG, and H A + H S = 1. The results show that the coverage of SPS increases with the concentration of SPS in Electrochemistry, 84 (7), 516-522 (2016) electrolyte solution. Besides of that, the coverage of SPS at the lower negative-potential is larger than that at the higher negativepotential. It means adsorption of additive is influenced by potential, which is corresponding to the former research. 6, 31 Hence, the coverage curve of additives reflects additives adsorption on the electrode surface. The small peak of curves is explained by coverage of additives in paper. Largest distinction of the current density generates on small peak region when SPS concentration is 4 ppm, which leads to better filling performance for via with bigger highaspect ratio.
14 It means the electrolyte solution containing 4 ppm SPS has larger ability than that of electrolyte solution containing 1 ppm or 2 ppm SPS to achieve superfilling in this electrodeposition system because the bigger distinction of current density between peak and valley appears. And this distinction represents the bigger distinction of reactive current density corresponding to the distinction of current density between top and bottom of via will generate at same potential region on the electrode with via.
The coverage of PEG and G a are calculated by model as shown in Fig. 4 . The theta1 represents the coverage of PEG on the cathode surface. With the concentration of SPS increasing, the PEG coverage is decreasing as shown in left side of Fig. 4(b)-(d) . There are green lines (180s) with steep transition which represent a large change for theta1 because the free sites on cathode are immediately occupied by additives in the model. This process, which is caused by adsorption of additives, is interpreted by coefficient of reactive equation since the additives were used to achieve copper electrodeposition with void-free of vias in the chip. In the experimental range of SPS concentration, potential drop between via top and via bottom increases with increasing concentration of SPS as shown in right side of Fig. 4(b)-(d) . Comparing the results of LSV experiment, there is a larger potential range on the work electrode as SPS concentration increases, which is corresponding to the large range of current density.
In order to investigate potential drop in via, the copper is deposited on the sidewall of via by the way of partial filling. The thickness of copper deposited layer is proportional to the velocity of copper deposition which is demonstrated by Faraday's equation, such as v c = M Cu i c /nFP Cu . According to the results of copper electrodeposition, the current density range is estimated by Faraday's equation. It is transferred to the potential which is marked as rE on the curves of LSV experiment in Fig. 5 . The distinction of potential on the upper section of via is bigger than that on the lower section of via. Under the same cathodic current density, the potential at the top of TSVs is different for electrolyte with different SPS concentration. 32 A potential distribution of simulation result is directly given at the right corner in Fig. 5 .
After estimating the potential distribution on the sidewall of via, its relational region in LSV curves was used as the potential value of Eq. (3) in model. Copper electrodeposited profiles are calculated by simple model as shown in Fig. 6 . This simple model is built to explain the deposition characteristic of electrolyte containing additives, based on relationship between planar electrode (LSV curves) and via (copper electrodeposition experiment). The results show the copper deposition is rationally assumed to a steady state situation under small external electric field. Copper deposition is quantitatively captured by the simple model that convolves positive feedback associated with copper deposition induced Eq. (4) with evolution of the potential on the cathodic surface. The electrical and diffusion transients preceding the pseudo steady state solutions derived here warrant examination in paper. In order to analyze quantitatively the accuracy of model, thickness of copper depositing layer of experiment and simulation were both counted on the sidewall of via in Fig. 7 . And the number of Fig. 7 is consistent with that of Fig. 6 . The results show that contour of copper depositing layer of simulation is consistent with the experimental results.
Beyond providing quantitative support for the proposed deposition simulation, the steady state simulations enable quick investigation of the parameter to identify different zones of behavior in contrasting with linear sweep voltammetry. Combined with linear sweep voltammetry in small current density region, the simple model is useful to judge the depositing characteristic of electrolyte with different additives across a range of planar electrode and via. 
Conclusions
A simple steady state model has been presented which describes local deposition of TSVs sidewall under galvanostatic control; the profile captures the features of experimentally observed lateral thickness of copper deposited layer during electrodeposition in TSVs. The filling mechanism requires potential-dependent adsorption of additives within the recessed surface. The potential distribution is calculated by Eq. (3) considering the resistivity of electrolyte and the potential drop due to additives adsorption. Based on the small peak phenomenon of the linear sweep voltammetry, local deposition rate depends on potential distribution on the sidewall of via. The calculated result is consistent with experimental observations of copper electrodeposition in TSV. Also the model is also used to set a relationship between planar electrode and features of TSV. And the convenient method (LSV curves) for testing the filling characteristic of electrolyte is set up, which is useful for quickly judging the performance of the electrolyte and additives with linear sweep voltammetry. Electrochemistry, 84 (7), 516-522 (2016) 
